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The gram-positive, sporulating bacterium Ba-18 cillus subtilis is a popular model system (Harwood, 19 1992) . Many tools and techniques have been de-20 veloped for understanding its genetics (Cutting 21 and Vander Horn, 1990 ; reviewed in the context of 22 sporulation by Stragier and Losick, 1996) . Of 23 these, integration vectors have been one of the 24 most important (see, for example, Gu erot-Fleury 25 et al., 1996) . These plasmids allow for the ectopic 26 insertion of cloned genes into sites on the chro-27 mosome. Integration of genes onto the chromo-28 some has several advantages over maintenance of 29 genes on plasmids. First, integration ensures that a 30 single copy of the transgene is present, which can 31 be important for gene regulation 32 Henner, 1984, 1986) . Second, genes integrated into 33 the chromosome are very stable, and are main-34 tained in the same copy number even in the ab-35 sence of selection (Vazquez-Cruz et al., 1996) . 36 Another advantage of integration into the chro-37 mosome is that the transgene is present in the same 38 physical location as other chromosomal DNA.
39 Genes on plasmids are often not present in the 40 same region of the bacterial cell as chromosomal 41 genes (Gordon et al., 1997; Pogliano, 2002) . 42 Integration of genes into ectopic loci also 43 provides several advantages over insertion of genes 44 by single homologous recombination. First, no 
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45 homology to Bacillus genes is required, so inte-46 gration vectors can be used to insert foreign genes 47 into B. subtilis or to perform complementation 48 studies in strains with deletions of chromosomal 49 genes. Second, genes integrated by double ho-50 mologous recombination are expected to be more 51 stable than those integrated by a single crossover 52 event. 53
Currently, few vectors exist for the ectopic in-54 tegration of genes into the chromosome of B. 55 subtilis. The most commonly used vectors are 56 those for integration of genes into the amyE locus 57 (Karmazyn-Campelli et al., 1989; Shimotsu and 58 Henner, 1986) . The inserted genes disrupt the 59 amyE gene, preventing the production of a-amy-60 lase. Other integration vectors allow for the in-61 sertion of genes at the thrC locus, resulting in 62 threonine auxotrophy (Gu erot-Fleury et al., 1996) 63 and at the lacA locus (H€ artl et al., 2001) . 64
In this work we created new shuttle vectors for 65 stable gene integration by double homologous re-66 combination at the pyrD, gltA, and sacA loci. 67 These new vectors will allow for construction of 68 strains with more transgenes than previously pos-69 sible because genes can be integrated at these loci 70 as well as at the amyE and thrC loci. Another 71 positive aspect of the new vectors is that they allow 72 for integration at different chromosomal positions. 73 Several studies have indicated that the position of 74 genes on the B. subtilis chromosome can regulate 75 the timing and level of their expression (Dworkin 76 and Losick, 2001; Frandsen et al., 1999; Khvorova 77 et al., 2000; Zupancic et al., 2001) . In addition, the 78 integration vectors may be useful in marking spe-79 cific locations on the chromosome for visual de-80 tection (Gordon et al., 1997; Straight et al., 1996; 81 Teleman et al., 1998; Webb et al., 1997) . 
84
For the backbone of the vectors, pUC18 plas-85 mid DNA (Messing, 1983; Norrander et al., 1983) 86 from Invitrogen was digested with the PvuII re-87 striction enzyme, and the resulting 2.364 kb frag-88 ment was ligated to itself. (Wach et 110 al., 1994) was then used to fuse the two portions of 111 the genes. The resulting products contained DNA 112 homologous to both ends of the target gene with a 113 single AscI restriction site in the middle. 114 The target gene chimeras produced in the sec-115 ond round of PCR were phosphorylated using 116 phosphonucleotide kinase, and subsequently 117 blunt-end ligated into the PvuII site of the modi-118 fied pUC18 vector backbone. 119 The antibiotic resistance genes and multiple 120 cloning sites were amplified from pDG364 and 121 pER82 (Cutting and Vander Horn, 1990) plasmid 122 DNA using Pfu polymerase and oligonucleotides 123 containing AscI restriction sites (amyEfrontAsc 124 ggcgcgccaaactggacacatgg and amyEbackAsc ggcgc 125 gcctaaacggatatcatc). The PCR products were then 126 digested and cloned into the AscI sites in the 127 middle of the target gene chimeras. 
139
Tris Spizizen salts minimal agar (TSSA) plates 140 (Cutting and Vander Horn, 1990) with and with-141 out nutrient supplements were used to determine 142 the phenotypes of transformants. For pyrD inte-143 gration, uracil was added to a final concentration 144 of 40 lg/mL. Strains with a gltA gene disruption 145 required addition of glutamic acid to a final con-146 centration of 500 lg/mL. Strains with a sacA gene 147 disruption could grow on TSSA, but could not 148 grow on a variation of this medium containing 149 0.1% sucrose and no glucose. 150 PCR was used as an additional method for 151 verifying gene insertion. Oligonucleotide primers 152 complementary to the ends of the target gene were 153 used for amplification. For example, the pyrD-154 front5 0 and pyrDback3 0 primers were used for the 155 pyrD locus. The PCR products were analyzed by 156 electrophoresis on a 1% agarose gel. 157 2.4. Measurement of growth rates
158
Cells were grown in TSS minimal medium with 159 the appropriate supplements (uracil at a concen-160 tration of 40 lg/mL for pyrD À strains and gluta-161 mate at a concentration of 500 lg/mL for gltA À 162 strains). Samples of the cultures were taken every 163 45 min, and their optical density (OD 600 ) was 164 measured using a spectrophotometer. 165 2.5. Sporulation assays 166 Sporulation was initiated by the resuspension 167 method (Nicholson and Setlow, 1990 The sequences of the vectors described in this paper have been deposited in GenBank under the Accession numbers shown in the second column. E. coli strains containing the vectors and B. subtilis strains containing integrations of the empty vectors have been catalogued in the Bacillus Genetic Stock Center with the reference numbers listed in the third and fourth columns. Table 1. 215 3. Results and discussion 216 3.1. Choice of new loci for ectopic gene integration
217
Our goal was to design vectors for the integra-218 tion of genes at different loci on the B. subtilis 219 chromosome. Specifically, we wanted to be able to 220 integrate genes near the origin and near the ter-221 minus of the chromosome. Also, we wished to 222 have a simple phenotypic screen for disruption of 223 the target gene. Accordingly, we investigated loci 224 of the B. subtilis mapping strains (Cutting and 225 Vander Horn, 1990) . Strains with disruptions in 226 the sacA, pyrD, and gltA genes were available from 227 the Bacillus Genetic Stock Center (Deshpande and 228 Kane, 1980; Lepesant et al., 1972; Potvin et al., 229 1975) . The pyrD and gltA genes are located near 230 the terminus of the chromosome, at 139°and 172°, 231 respectively. The sacA gene is near the origin, at 232 333°. Strains with mutations in these genes had 233 discernable phenotypes on minimal media, grew at 234 normal rates in rich medium, and sporulated at 235 frequencies similar to wild type (data not shown). 236 Based on these results, we designed plasmids for 237 integration at each of the three loci.
3.2. Vector design

239
The new plasmids were designed to be similar to 240 the amyE and thrC integration vectors already 241 available (Gu erot-Fleury et al., 1996; Karmazyn-242 Campelli et al., 1989; Shimotsu and Henner, 1986) . 243 Because the new vectors share a common design, 244 just one is diagrammed in Fig. 1 . Each contains the 245 E. coli origin of replication and b-lactamase gene 246 from pUC18 (Messing, 1983; Norrander et al., 247 1983) The plasmids were linearized and transformed 267 into B. subtilis. Integration of the vectors into their 268 target genes was initially screened for by pheno-269 typic examination of colonies. Strains with pyrD 270 and gltA gene disruptions were unable to grow on 271 minimal medium unless uracil or glutamate, re-272 spectively, was added. Strains with a sacA gene 273 disruption could grow on medium with glucose as 274 a carbon source, but not with sucrose as the sole 275 carbon source.
276
PCR was used as an additional method for 277 verifying gene insertion. Oligonucleotide primers 278 complementary to the 5 0 and 3 0 ends of the target 279 gene were used for amplification. The PCR prod-280 ucts were examined by gel electrophoresis. Differ-281 ences in the sizes of the products obtained from 282 wild type strains and strains with vector integra-283 tions indicated that the target genes were indeed 284 disrupted by the gene insertions (Fig. 2) . 285 Marker replacement was subsequently used to 286 verify the position of gene integration. Antibiotic 287 resistance genes were integrated into B. subtilis, 288 and their positions were verified by phenotypic 289 analysis and PCR. These strains were then trans-290 formed with constructs containing a gene of in-291 terest as well as a gene for resistance to a different 292 antibiotic. The transformants could then be se-293 lected with the new antibiotic and screened for 294 susceptibility to the old antibiotic. In this way, an 295 additional phenotypic trait could be used to verify 296 insertion of the gene of interest at the correct po- Fig. 2 . PCR was used to verify vector integration into the desired loci. Oligonucleotide primers complementary to the 5 0 and 3 0 ends of the target gene were used. The PCR products were run out on a 1% agarose gel along with a DNA ladder to determine their sizes. Predicted (and observed) band sizes are as follows: for the pyrD locus, the uninterrupted gene yields a product of 0.93 kb; the integrated chloramphenicol and kanamycin vectors change the size to 2.4 and 3.1 kb, respectively. The wild type gltA locus PCR product is 4.6 kb; with integrated vectors the size changes to 4.1 kb (chloramphenicol resistance) and 4.8 kb (kanamycin resistance). The sacA PCR product is 1.4 kb; this is increased to 2.7 and 3.4 kb upon integration of the vectors. The sporulation efficiency percentage listed was obtained by dividing the number of heat-resistant cfu/mL by the total number of cfu/mL. All strains tested sporulated with efficiencies similar to that of the wild type strain. Fig. 3 . b-Galactosidase activity was measured in strains containing the PspacC-lacZ fusion integrated at the various positions. Samples were taken when the cultures reached OD 600 of 0.2 (black) and 0.6 (dark grey) and at 1 (light grey) and 3 (white) h after the induction of sporulation. Note that the levels of b-galactosidase expression were nearly identical in strains where the lacZ fusion was inserted in opposite orientations (compare the two amyE strains and the two sacA strains). 
